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ABSTRACT

The history of modern wide-field, high-speed catadioptric lenses is reviewed. Olle
system comprising only spherical curves and representative of the current art for
low-light-level systems is evaluated and used as a baseline design in a weight-
reduction study.

Five aspheric designs are computed and evaluated. It is found that the use of
aspherics will permit weight reduction only in certain instances, i.e., if one element
of an all-spherical design can be eliminated or if a fundamentally different configura-

tion that is possible only with aspherics is substituted for the all-spherical configura-
tion. Of these possibilities, the elimination of an element is the best replacement for

the baseline design.
The case of a highly constrained, purely refractive triplet is studied in some detail.

Four designs are computed-from the all-spherical case to the most complex poly-
nomial aspheric. It is found that, if only conic aspherics are employed, significant
improvement can be okained and the problems involved are sensibly the same as
those in all-spherical designs. When complex aspherics are applied, the problem be-
comes surprisingly difficult, and there is some indication that a computer can deal
with it better than can a human lens designer.
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1M. A

I. INTRODUCTION

The vast majority of lenses have curves that are sections of spheres and conse-
quently are termed "spherical." These have the practical advantage of being
producible by the motions of simple machines that combine sliding and rotating
movements. In the broadest sense, any lens that is not spherical could be called
"asphcrical" or simply "aspheric." However, designers reserve these terms to denote
a deliberate optical surface that is a figure of revolution about its axis or centerline.
An example is the parabolic mirror used in observatory telcscopes. Some lenses have
more than one axis of symmetry; eyeglasses used to correct astigmatism are a well-
krown example. In this report, we shall be concerned only with single-axis curves.

Some useful aspherics differ so slightly from a perfect spherical surface that they
are completely imperceptible to the eye, while others are so pronounced that their
distortions are not only visible but can be felt as ripples. For our purposes, even
these heavy aspherics must be produced to optical precision, often to an accuracy
(in depth) of only a few millionths of an inch.

It is widely known that aspherics allow optical improvement in catadioptric
lenses, but little is knowoi about theii usefulness in reducing the weight of compact,
Cassegrain-like designs of moderate aperture. The primary purpose of this report is
to show that a substantial weight reduction over a fully optimized, all-spherical
catadioptric lens can be obtained. Therefore, we have chosen a night-vision telescope
for our study.

Night-vision telescopes operate under conditions of exceedingly poor illumination,
sometimes only with starlight. These telescopes consist of a light-collecting objective
that forms an image on the photocathode of an electronic ima'e sacniifier, whose
output phosphor screen is viewed with an eyepiece.

Compared with an ordinary telescopL. the night-vision telescope has a greatly
superior quantum efficiency and broader spectral response of the image intensifier's
photocathode. It may be twenty times more sensitive than the human retina; there-
fore, much more information can be obtaired from any given beam of light.
Secondly, even a simple intensifier increases the image brightness more than fifty
times. Consequently, the night-vision telescope gives a bright image with far more
information (not necessarily resolution) than any optical telescope. Also, the diam-
eter of the exit pupil (Ramsden disk) is not related to the aperture of the objective;
therefore, the power can be made very low for a bright, wide-field image. In an
optical telescope, the exit pupil's diameter is always the objective aperture divided



by the telescope's magnification. Consequently there is a lower limit on magnifica-
tion below which no further brightening of the image can be obtained. For a given
quality level, as the magnificatiin increases, so must the aperture and focal length of
the objective.

Night-vision telescopes come in a variety of sizes from very small to quite huge.
For hand-carried units, 4-in. apertures present no serious restrictions on the type of
objective used. Even purely refractive lenses are not prohibitively heavy or awkward.

If th., aperture is 12 in. or more, sheer bulk relegates it to motorized transportaiion
or permanent installation, so again we are not preoccupied with the exact nature of
the objective.

The 6-in.- to ! 2-in.-aperture refractive lenses are too heavy to be portable. How-
ever, lenses of proper catadioptric form can be carried by two men. Consequently,
we have selected an 8-in.-aperture field instrument for out aspheric weight-reduction
study.

We are interested in a comparative study using the Shenker all-spherical lens as an
arbitrary standard. This catadioptric lens, designed by M. Shenker of Farrand Optical
Company, comprises all-spherical optics: three large lenses, two small, and a single
mirror. It is of Cassegrain form, with the secondary reflector coated on one of the
natural curves of the correcting lenses. To our knowledge, this 8-in.-aperture lens at
f/1.25 is one of the best available. We do not propose to achieve a fully-optimized
design because it could be prohibitively expensive. We conclude that the use of as-
pherics will allow a significant reduction in the weight of a moderate-aperture, high-

speed catadioptric lens of Cassegrain form.
A further objective has been to design a highly constrained air-spaced triplet

refractor in various ways. When the degrees of freedom are limited, and the iris
position is fixed, the base design has only one optimum solution. Cornsequently, any-
thing beyond an optimized all-spherical solution can be attributed only to the influ-
ence of asphericity.
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II. HISTORY OF CATADIOPTRIC DESIGN

The history of the catadioptric lens is difficult to trace although certainly its
most spectacular introduction was when Bernard Schmidt finished a 14-in. camera
ir 1930. Using only a single aspheric plate and a spherical mirror, for the first
time he was able to photograph wide fields perfectly free of the coma that af-
flicted other telescopes of that time.

Lens designers immediately grasped the principle and translated it into all-
spherical designs of comparable performance but of greater size and weight.

Sonnefeld designed a compact system with only three elements at f/0.6. Hough-
ton, working on similar principles, but independently of Sonnefeld, designed all-
spherical systems for use by the Royal Air Force that were intended specifically
to replace the impractically difficult Schmidt.

With the conclusion of World War II, Maksutov and Bouwers announced their
discovery of the .nearly concentric lens, which is another practical substitute for the
Schmidt. Strangely, although the Sonnefeld-Houghton systems are easier to build
and are well corrected, nearly all subsequent effort was devoted to improving the
Maksutov-Bouwers type of design, frequently with the addition of an aspheric plate
to supplement the nearly concentric lens. Baker's Super-Schmidt may be looked
upon as a synthesis of the Schmidt and concentric systems. Then, in the 1960's,
Shenker introduced the Houghton system in a Cassegrain form with external image
and field lenses. This is still one of the most practical and highly corrected large-

aperture all-spherical lenses. Many aspheric designs are based on this concept, nota-
bly a Perkin-Elmer lens with an aperture of nearly 14 in.

Examples of the progress of catadioptric design are shown in the following draw-
ings, which are excerpts from the patent literature. Most recently, designs using
Mangin mirrors have been introduced. Generally these are improvements on earlier,
lower relative aperture designs such as Mandler's.

Catadioptric design is based on the .ame underlying principles as ordinary optical
design although it is greatly complicated by the constant danger of excessive ob-
structions of the light path. However, the mirror is valuable because it has an
effective refractive index of 2.0 and causes n'o dispersion of the light. Generally the
obstruction problem is so great that catadioptrics are of fairly low optical sophistica-
tion by comparison with a modem lens. Most designs rely heavily on the principle
of optical symmnetry as a means of dealing with aberration. As with ordinary lenses,
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catadioptrics do not assume arbitr,.-y configurations. A blindfolded approach to
their design would be no more effective than it is with lenses.

Perusal of the U.S. patent literature provides somo general feeling for the capabili-
ties of each configuration. Frequently the principles of one design ca•i be incorpo-
rated into those of another, and we can obtain an improved design z.uited to our
purposes.

In the following pages, we will exa-nine certain representative patents that have
features useful in a fast, wide-fieldf catadiuptric lens.

USP 2,448,699 1948
Bouwers has been ý;' most pro-

lific designer in the catadioptric j 5]
field and is an original inventor of
high-speed de-igns. The accompa-
nying figure shows a number of
basic iC,.is synthesized into a sin-
gle de,".a. The original Schmidt

camer', . d old) an a;,heric plate
at !hj. oer 'f cur,,.vwr• of a
spheric, .;'ror. A conc tric ".zns
(center u• ,,vatu,': at ';,a .:-'i -
m irro r) I -' fie ld L o rre .n." :i -.p a-
rable to tha" at the a.- v"'t it is
uncorrected for axial .o:or. An
achromatizt.. concentric lens cor-
rects the axial color. By combining
a Schmidt pl ". with such a lens,
it is possible to eliminate zonal
spherical aberration of !!e concen-
tric lens and to offset its sphero-
chromatism. In this patent, .

Bouwers claims from 10 to 300
times improvement (depending on
the field of view) over an ordinary
Schmidt at :.'1.5. A substantial but A. Bouwers, Patent 2,448,699 "Schmidt type
lesser gain is still obtained at image former with negative meniscus lens

spherical aberratimn corrector." Filed Decem-
f/0.65. ber 18, 1945, dated September 7, 1948.

The advantage of the concentric
camera (or nearly concentric in f3i:
case of the achromatic Bouwers. t•r Maksutov, telescope) is that all correction is carried
on a single lens, which is usually spherical. Once made, it is relatively insensitive to fail-
ure. However, it is not effective unless asslst -d o,, aspherics at speeds in excess of f/2
and therefore is not well suited to Cassegcain-like arrangements. For some desig'.ers, it
is an inefficient application of glass to achieve the desired end.

The lens' mechanical strength makes it a fine window that will survive much
abuse. The advantages of the Schmidt plate are many: its light weigt, the fact that
temperature changes do not affect focus position (except for aberration), and its
tremendous effectiveness over small fields of view.

4
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USP 2141,884 1938
Sonnefeld4  while undoubtedly im-

pressed by ipe invention of his country- ,l .

man, Schmidt, was no* content mnrely to I
translate the latter's instrument into an
all-spherical equivalent. Here, both crown
and flint glass are combined with a perma- do

nently protected back-surface (Mangin)

reflector to achieve a speed of ff0.6 with

a field of -10°. 7'he principles intrinsic to Lf x

this rem,.- ., Ae design, which are more a

subtle than those of the Schmidt, recur

often in later art. This is perhaps the most

ingenious and farsighted of all catadioptric A. SonnefeldFatent 2,141,884 "Photograph-ic objective." Filed• November 5, 193 1, dated

patents. Of particular importance is the December 27,193Rusembf.the an3inmirted

use of the Mangin mirror.4

USP 2,336,379 1943

By compromising fNeld correction, a

Cassegrain form of the Schmidt is ob-
tained. Since the final speed is lower than

the mirror's speed, Warmisham achroma-

tized the aspheric plate to keep color

within reasol. The advantage of such a -

design is that it is the lightest possible one A4/s-A$

offering a significant focal length. Mechan- ZJ /
ically, the plates need only be thick

enough to survive the environment, and the

nirror may be reduced to a very thin con- A. Watmisham, Patent 2,336,379 "Optical

dition. Such designs are limited principally systems." Filed May 22, 1941, dated Decem-

by oblique aberrations, which are partially berT7,1943.

corrected with small lenses near the focus.

In our study we investigated several varia-

tions that gave encouraging results.

USP 2,3.50,112 1944

This design was invented with- 02
out prior knowledge of the Sonne- 3I
feld work. Because England was S .-

faced with a shortage of skilled la-

bor, Mr. Houghton deliberately 1s

sought a mea-s of rmplacing the

Schmidt plate with more easily

made spherical lenses. This ex- /I

ample is for a speed of f/0.6. For

a speed of f/2, another design re- J. L. Houghton, Patent 2,350,112 "Lens

quires only two lenses. Mr. Hough. system." Filed March 2, 1942, dated May 30,

tor, has recently developed an 1944.



analytical treatment of compound (i.e., with a secondary reflector) multilens designs

(private communication 1971).
Applying aspherics to the outer lenses of the triplet corrector allows almost per-

fect elimination of oblique as well as axial aberration. In fact, using only spherical
curves, an improvement over the true Schmidt can be obtained, The use of a three-
element corrector is a fundamental advance in the art of catadioptric design that we
utilize in modem optical designs.

USP 2,509,554 1950

Maksutov and Bouwers made it clear that any number of concentric lenses sur-
rounding the aperture stop could be used because each element allows further im-
provement in correction. This figure shows how a detector could be used with a
fo'ding flat if the prime focus were unsuitable. The famous Baker Super-Schmidt
resembles this design but with in aspheric doublet at the stop position for reasons
likc those discussed in the Bouwers design. The present design is monochromatic
be~ause no means for correcting color are shown. Wynne also gives examples with
spiit elements and various bendings and power distributions for better correction.

•rA
C. G. Wynne, Patent 2.509,554 "C.atadi-
optric system with correcting lens means."
Filed April 21, 1947, dated May 30, 1950.

USP 2.701.983 1955

The Maksutov-Bouwers Cassegrain can be supplemented with field elements to
deal with oblique aberrations. The use of a reflecting secondary coating on the lens
is a simplification attributed to John Gregory, for whom the Gregory-Maksutov
telescope is named.

The most important feature of the design is the use of field lenses. The increasing
use of such elements is noted in more modern designs. They allow more freedom in
choice of mirrors because lenses can be used to flatten the field. They also provide
additional control of astigmatism. Usually at least two such lenses are required if
lateral color is to be corrected.

6
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F. G. Back et al., Patent 2,701,983 "Cata-
dioptric telephoto systems." Filed Novem-
ber 25, 1953, dated February 15, 1955.

USP 3,022,708 1962

This is the design for the Baker-Nunn satellite tracking camera. It has a speed of
f/I with an aperture of about 24 in. All four inside curves have aspheric figures. The
salient feature here is the use of three significantly spaced correcting lenses that, as
in the Houghton design, allow correction of oblique aberration. This design is
accomplished with the aspheric figures whereas Houghton uses the bendings of his
spherical lenses. We suggest a Cassegrain version of this design for future research if
higher correction is required.

I a M
J. G. Baker, Patent 3,022,708 "Correcting
optical system." Filed December 16, 1957,
dated February 27, 1962.

7



USP 3.326,621 1967

The use of a Mangin mirror has already been mentioned in Sonnefeld's design. An
early application of such an element is in Schupmann's !899 patent (USP 620,978),
Nygorden and Mandler (see below) both make use of t;, color-con'ective effective-
ness of the Mangin. The theoretical advantage of this configuration is a very small
camera diameter without vignetting and without the usual color of a lens. This is
obtained because the light converges to the primary, and only one type of glass is
used. In principle, this is one of the most desirable of all possible configurations for
our purposes. However, some years ago we studied such an approach and found that
the positive objective lens w;,• doing so much "work" that the over-all correction
was poor. To a certain extent, the use of field lenses and an aspheric should improve

the situation.

-•..-z. -•.
• •....••

P..1. Berggren de Nygorden. Pate,,
3,326,b21 "('atadioptrtc imaging syst¢,ns.'"
Fried January 19. 19e1, dated June 20,
1967

USP 2.817. 270 1957

This design is suitable only for ¢isual use because of an intrinstcallx large obwura-
tion due to the baffling problem, it has the adv:mtage of an erect image when used
with an eyepiece. One might use relay optics rather than relying solcl.x on large
len,•s or field elements. Unfortunately. we mw no way to incorporate such prin-
ciples into our effort because of the exce:;sively large field of view. For very large
designs, relay optics offer substantial weight reduction when a large aperture is the
principal concern.
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W. Mandler, Patent 2,817,270 "Telescope
objective systems." Faied December 12,
1955, dated December 24, 1957.

USP 2.730.013 1956
This design is of considerable interest. Both reflectors are Mangin mirrors. They

scatter less light than a first-surface mirror and of course are permanently protected.
While the use of a diverging front lens suggests that such a design would be compar-
atively long, the positive-lens-shaped primary mirror offsets most of this disadvan-
tage. A diverging objective such as this is very effective for the correction of spheri-
cal aberration; the first-order layout favors the correction of oblique aberrations. it
is, in that sense, a "natural design." This particular design, with an aperture of 4 in.
at f/8, is diffraction-limited on a 35-mm format; the lens may be opened to f/5.6
without losing its usefulness for a 35-mm camera. Indeed, lenses of this type are
being marketed at very low cost by the Japanese (Vemar is one), which attests to its
ease of fabrication and reliability.

W. Mandler, Patent 2,730.013 "Reflecting
lens objective." Filed August 30, 1951,
dated January 10, 1956.

9



Baffling is easily achieved thanks to the divergent front lens, which allows the
obscuration to be less than that in zero-power corrector groups. Its drawbacks are
that good-quality glass is required, light weighting cannot be carried too far, ar'd a
Mangin mirror is affected more by temperature changes than an ordinary mirror.
Balancing this is a very high degree of correction obtained with a small number of
elements; whether this is enough to justify its use remains to be decided.

USP 2,761,354 1956

Acht may have been the first to suggest the use of a complex Mangin secondary
mirror to correct a large, simple primary mirror (USP 1,967,214 1934), but Steglich
seems to be the first to patent a usable design. P. P. Argunov modified the secon-
dary (Russian Author's Certificate No. 158697) in 1962 for an f/8 system with an
air-spaced Mangin. Several designs with apertures to 16.7 in. have been successfully
built.

Using only a doublet secondary and a first-surface mirror, it is not possible to
obtain a wide field. There are not enough degrees of freedom to eliminate the basic
aberrations. If an aspheric plate were added, we would have enough freedom to
eliminate basic image defects. To a lesser efficiency, the use of field lenses would
work, but secondary spectrum is still a serious defect. To overcome this, Wilkinson
used .', achromatic secondary Mangin to collimate the light, then with a suitable
achromatic positive lens placed near the primary mirror, formed a flat image that
can now be well corrected. If the powers of the two achromats are properly chosen.
color is self-cancelling This is identical in concept to the Schupmann telescope,
which uses balanced positive and negative singlets to the same end. One of the major
problems with Wilkinson's lens is that the collimated light condition causes a very
large obscuration if the field is significant. Designs using a field lens that minimizes
vignetting arm described by Buchroeder (USP 3,529.888).

The advaatages of these designs are low cost, simplicity, light weight. and a small
tube diameter. It seems logical to utilize sonic of the features of a complex secon-
dary corrector and those of a Schmidt to minimize the size and weight, and possibly
to reduce the difficulty caused by normally strong asphericity.

K. Steglich, Patent 2,761,354 "'Cassegramn
mirror lens objective." Filed April 19, 1954.
dated September 4. 1956.

10



BP 1,068,028 1967
It was not possible to find an example in the U.S. literature, but in Britain we

find a Schmidt design that is more compact. Here, we have a spherical mirror and
field lenses. Baker and Wynne studied the case with a parabolic mirror, hoping to
convert ordinary telescopes. Rosin advocated hyperboloidal primaries for smaller
designs because these could be more highly corrected.

Prime focus placement of the detector allows a minimum sized obscuration, wider
field, and always a higher degree of optical correction. The Cassegrain designs are
difficult to baffle and are used solely for external positioning of the detector.

Eric Braithwaite, British Patent 1,068,028.

Filed August 31, 1964, dated May 10O, 1967. •

USP 3,119.892 1964
Shenker's modern catadioptfic is related to the Sonnefeld-Houghton systems but

with the additional advantage of compactness made possible through the efficient
use of complex, full-aperture correcting lenses. In the Cassegrain form, it is shorter
than its equivalent focal length, which is highly desirable in a lightweight lens. Both
lenses are made of the same type of glass, which eliminates secondary spectrum, but
superior monochromatic correction can be achieved by mixing glass types. In some
cases, as we found, the secondary color of a two-glass design is substantially I"•
than the spherochromatism of a single-Wlass design.

Our best designs in this study were of asphefic form, using both crown and fli||a
glass, and closely resembling in appearance the Shenker designs. Our aspheric depth =
was on the order of 1/8 in. showing clearly that no mere "touch-up" of a spherical _
design was obtained. If we separate the aspheric deformation from the spherical
vertex curvature, we have Schmidt correctors superimposed on a spherical design. "
The nodes of the spherical lenses do not coincide with the asphericities, and conse-
quently we have the effect of a correcting system composed of more than two
elements. The importance of this was mentioned in discussing the Houghton and
Baker designs.

(11
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L FIG. I ,

Ip.

FIG. 2

M. Shenker, Patent 3,119,892 "Catadioptric
system." Filed July I, 1960, dated January
28. 1964.

lISP 3.252,373 1966
When three lens correctors are employed, a general study can proliferate into a

massive collection of optical types. Shenker delivered a paper at the 1961 October
Optical Society of America meeting in which he compared the correction with three
lenses versus two. The advantage seemed partly due to "splitting" elements so that
better zonal correction could be achieved. But the use of three significantly spaced
elements adds an important dimension to the ability to correct oblique aberrations.

When we added general asphericity to a representative spherical design of this
class, so great was the optical improvement that we immediately decided to go to a
"two-element corrector. At that point, the importance of having three correcting ele-
ments was not fully appreciated. As it turned out, we were quite successful with
only two lenses. it may be, however, that it was a heavyhatded solution with need-
lessly deep asphericity. Possibly, if only three weak aspheric lenses were used, the
curves would have been less extreme and the asphericity much milder, perhaps out
of proportion to any effects due to splitting.

12
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IV. LENS DESIGN PROGRAMS

While certain calculations in the dcsign of a lens can be made on a desk calcu-
lator, or even with a slide rule, nearly all modern lenses are designed with sophisti-
cated computer programs by a process of successive iteration. Two separate design
programs were used in this study. All computing was done on the University of
Arizona CDC 6400 computer on whose disk and tape files we have stored ACCOS-
IV and GREY.

ACCOS-I V

This commercially available program may be purchased as a basic package from
Scientific Calculations, Inc. (Rochester, N.Y.). Our version has been modified exten-
sively over the years to suit a diversity of needs here at the University. A new
program, ACCOS-V, should eventually replace ACCOS-IV, but it was not Zvailable at
the time of the study.

Originally we intended to perform the design study using only ACCOS because it
is easy to use and the designers are very experienced with it. Unfortuunately, while it
works quite well on "gentle" optical designs, it proved less than satisfactory for the
extremely fast Cassegrain designs we required. We encountered a great deal of diffi-
culty in making a rough design converge to a good one because successive iterations
changed too fast for its assumption of linearity to apply. By the time damping could
be applied, the basic design had diverged to a much worse one. The method of
strictly damped least squares in the optimization mode was not only ineffective in
this program but was excessively expensive since convergence (once obtained) was
too slow. It became clear after a very short time that if we persisted in using
ACCOS, we would soon deplete our computing fund.

While this program was abandoned as a design tool, its evaluation routines were
used exclusively. It has one of the most complete and easy to use evaluation pack-
ages known to us. Because it can be linked directly to a computer plotter, it greatly
aided in presenting lens drawings and aberration plots.

GREY
We obtained a copy of this program through a special agreement with David Grey

Associates (Waltham, Mass.). It is now available to the public on the CDC

16



Cybernet system. Its users are few and seem to consist mainly of professional lens
* designers faced with desperately difficult design problems. Originally the program

was not intended to be made commercially available, but Mr. Grey was prevailed.
upon by a number of people to share his private program. Since it is basically a
personal program undergoing constant revision, little attention has ever been given to
making its use convenient. Its input is very brief, its output very concise. Neither,
unfortunately, is self-evident nor fully documented.

The GREY program, once successfully entered (therein lies Ohe challenge!), vir-
tually makes the designer superfluous. It is almost human (if not superhuman) in the
way it appraises the progress of its work, makes compensations, and ultimately pro-
ceeds to the sort of design that was requested from it. While the ACCOS piogram
required interminable nursing to get anywhere at all with these designs, GREY was
able to accept even the most primitive starting points and come up with quite
usable, if not optimized, designs. Indeed, the problem when using GREY is not
designing a lens; it is getting the program to run! If it were not for its exasperating
peculiarities, it no doubt would be the most popular lens design program available.
It can be said quite truthfully that without the GREY program, it would have been
impossible to obtain the number of aspheric designs that are the basis of this report.

As already mentioned, evaluations were performed using the ACCOS routines.
GREY is not linked to our plottei here, and its automatic line-plots are not con-
veniently transposed to pictorial form for a report.
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